Microfluidic devices are quite important for process industries, as these devices can intensify heat and mass transfer in two-phase reaction systems. Two-phase reaction systems, such as gas-liquid and liquid-liquid reactions with certain limitations have already been carried out in microfluidic systems by a few authors. However, these concepts are still under development and a detailed understanding of the hydrodynamics involve is required. Hydrodynamics studies are inherently crucial to provide precise reaction conditions and identify asymptotic performance limits. In the present work, Computational Fluid Dynamics (CFD) simulation was carried out to investigate the hydrodynamics involved in the T-junction enhanced microchannel. The slug formation, slug size, slug shape, and pressure drop in the enhanced microchannel were predicted using the volume of fluid (VOF) for water-cyclohexane system. The effects of obstruction spacing on pressure drop, slug lengths, and mixing within the slug were also examined. This study revealed that mixing enhances tremendously within the slug and at the interface in the enhanced microchannel, but with slightly greater pressure drop. However, an increase in obstruction spacing affects the slug formation, unit slug length, and pressure drop.
Introduction
Microfluidic systems that involve gas-liquid or liquid-liquid two-phase operations have been studied intensively as the heat and mass transfer in these devices are notably higher compared to conventional devices. In fact, this enhancement is possible in the microfluidic system due to well-defined flow patterns and very high interfacial area. Further, high surface to volume ratio and small volume of working fluid in microfluidic systems speed up the chemical reaction and improve the product yield. In addition, the shearing motion within fluid segments produces vortex flow patterns in the channel, which enhances mixing within segments and improves mass transfer across the interface, providing uniform mass and temperature distributions in the channel.
In literature, several experimental and numerical works pertaining to the hydrodynamics of gas-liquid flow in microchannels are available; however, there is scarcity of such work on immiscible liquid-liquid two-phase systems in microfluidic devices. Liquid-liquid two-phase systems behave quite differently from gas-liquid systems. Therefore, results for gas-liquid systems cannot be generalized for liquid-liquid systems. Due to these facts, recently, attention has been given to immiscible liquid-liquid microfluidic systems with a focus on intensification of mass transfer and reaction by dispersing one phase into the other as droplets. Numerous studies concerning the flow patterns of liquid-liquid systems in microchannels have indicated that the flow pattern can be controlled by the channel geometry, interfacial properties of fluids and channel surface, as well as the flow rate of two immiscible liquids [11] [12] [13] . The flow pattern and droplets formation mechanism of dispersed phase have been experimentally studied by several authors, who have discussed the flow regimes in microchannels viz. mono-dispersed drop flow, slug flow, parallel flow based on the Weber numbers of fluid phases [14] [15] [16] [17] . The free surface simulation has been carried out by Kashid et al. 18 to understand the mechanism of slug flow generation. In an another experimental study, the droplets formation of the oil-water two-phase system has been investigated in a microchannel 19 . Thorsen et al. 20 investigated the influence of the velocity ratio of the two phases on the droplet size in a T-shaped microchannel. Similar studies have also been carried out for oil-water systems in a microfluidic T-junction channel by Garstecki et al. 21 and a correlation (scaling law) was proposed to predict the slug length as a function of the ratio of dispersed to continuous phase flow as per scaling law, which is given below:
The accuracy and range of applicability of the scaling law was verified experimentally for flow rate range: 10 −2 to 1 μL s -1 , ratio Q water /Q oil (0.1 -10), μoil (0.01-0.1 kg m -1 s -1 ), and surface tension in a microchannel 100 μm. The effect of flow velocity on the slug size has also been experimentally studied and verified by Tice et al. 22 Further, the effects of various operating conditions on the flow regimes, slug size, interfacial area, and pressure drop in Y-junction capillaries were experimentally and numerically studied for liquid-liquid two-phase flow 23 . Their numerical study concluded that the surface tension and wall adhesion plays an important role in slug generation. In an another study, the effect of mixing element (T and Y) on the two-phase flow patterns was discussed and reported 5 . The authors reported that the pressure drop across the mixing element contributed significantly in the overall pressure drop, and it was also reported that the pressure drop in the Y-junction was lower compared to T-junction mixing elements due to lower frictional losses. Kashid et al. 24 developed a VOF-based CFD methodology to investigate the slug flow generation in a T-type mixing element. In their work, a stable liquid wall film was considered. These results were validated with the experimental results of Tice et al. 22 Yong et al. 25 numerically studied the immiscible kerosene-water two-phase flows in a T-junction microchannel using a Lattice Boltzmann (LB) method. This result quantitatively and qualitatively verified the experimental results of Zhao et al. [14] [15] [16] and justified the effectiveness of the numerical method. Further, the effect of interfacial tension and contact angle on the flow patterns and droplet shapes were investigated, and highlighted the numerical results based on the improved two-phase LB model.
In this investigation, a VOF-based CFD methodology was developed to investigate the slug flow generation and pressure drop in liquid-liquid twophase flow in a T-junction square enhanced microchannel. The computational methodology along with the underlying physics is discussed to understand the slug flow generation mechanism in order to develop an understanding of the fluid dynamics in the enhanced channel. In addition, the effect of channel geometry (obstruction spacing and height) on slug shapes, length, and pressure drop was studied, and the predictions verified using the measurements of Kashid M. N. 26 The effect of dispersed phase flow rate was also investigated.
Model development
In the present work, a 3D T-junction square enhanced microchannel was chosen to study the hydrodynamics under slug flow conditions. The schematic diagram of the microchannel geometry with boundary conditions is shown in Fig. 1 . The width and height of the main channels and the side entry were the same and each was 1 mm in size. The lengths of the side entry and the main channel were 2 mm and 50 mm, respectively. The T-junction enhanced microchannels consisted of triangular shaped obstruction elements of heights (ε) 0.05, 0.1, 0.15 and 0.2 mm, and were placed on the inner side of the channel walls, which were perpendicular to the flow direction, as shown in Fig. 1 . These obstructions were placed in a staggered manner, and the distance between the obstructions varied from 0.5 to 5 mm. Water and cyclohexane were used as working fluids, and the physical properties of these fluids are given in Table 1 . The streams of water and cyclohexane were fed separately through two inlet points into the channel. The superficial velocity of water as well as superficial velocity of cyclohexane varied from 0.005 to 0.07 m s -1 .
Hydrodynamic model
In the present work, unsteady state flow behaviors were considered in the channel with the following assumptions:
-Fluids in both the phases are Newtonian, viscous, and incompressible.
-Physical properties of the fluids are constant and unaffected by the channel geometry.
-Laminar flow for both the phases.
-Gravity effects are negligible.
-The mean velocity of both the phases within the slug unit is the same. This assumption may fail for very low capillary number in the range of 10 -3 < < C a < 1.
The isothermal two-phase flow of Newtonian fluids of constant density, which are immiscible on the molecular scale, was described using the one-fluid approach. The volume fraction φ allows tracking the phase: it equals zero in the continuous phase, and one in the dispersed phase. The mass, momentum, and volume fraction conservation equation for the two-phase flow through the domain are represented as: where, σ is the surface tension and κ n is the surface curvature at the fluid interface computed from the divergence of the unit surface normal n  as
The interface between the two phases was traced by solving the continuity equation for the volume fraction function:
The momentum equation, Eq. (3) is dependent on the volume fractions of both phases through the properties density (ρ) and viscosity (μ). For a twophase system, if the phases are represented by the subscripts 1 and 2 and the volume fraction of the phase 2 is known, the density and viscosity in each cell are given by Eqs. (7) and (8):
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Numerical simulation
Various methods are available to model immiscible liquid-liquid two-phase flows in a microchannel, such as volume of fluid (VOF), marker particle, lattice Boltzmann, level set and front tracking. VOF and level set method are the most common implicit free surface reconstruction methods, wherein VOF methodology is relatively simple and extensively used for many applications. The VOF methodology relies on the fact that two or more phases are not interpenetrating, and for each additional phase, the volume fraction of the phase is added in the computational cell. The sum of volume fraction of all the phases is unity in each control volume. Further, VOF methodology has several advantages such as reasonable accuracy, relatively simple application, and it can be used to solve highly complex free surface flows. In addition, it can also be accurately applied to boundary fitted grids, and it accommodates breaking and forming of interfaces.
A 3D T-junction enhanced microchannel geometry was built and meshed with the pre-processor Design Modular (ANSYS Inc.), then imported into FLUENT for slug flow calculation. A structured mesh using triangular elements was used to generate mesh, and refined near the wall and in the mixing zone to capture the fluid flow accurately. The grid independency test was performed for the enhanced microchannel to use an appropriate grid for slug flow development. The grid size was reduced until the difference in the key parameters, u and p was less than 0.5 % for two consecutive grid sizes. 6.74×10 5 , and 9.58×10 5 grids were tested for the grid independency and it was found that 674120 grids arrangement gives satisfactory results for velocity and pressure profile, displayed in Fig. 2(a) and (b). The boundary conditions velocity inlet was applied for the water and cyclohexane feed and specified as uniform entrance velocity, and pressure outlet condition was set at the outlet. The physical properties and simulation parameters used in the investigation are listed in Table 1 .
F i g . 2 -Mesh used for simulation in T-junction microchannel (a) isometric view (b) side view
The volume of fluid method (VOF) on Eulerian grids was employed to track the interface of the two immiscible fluids by solving an additional equation for the volume fraction. The Geometric Reconstruction technique was used for interface reconstruction and implicit body force treatment for the body force formulation. For unsteady state simulation, a segregated time-dependent solver was employed, and for discretization the PRESTO! (Pressure staggering option) scheme was used for pressure interpolation. The second-order upwind differencing scheme was used for solving transport equations, and PISO (pressure-implicit with splitting of operators) scheme was applied for pressure velocity coupling, which reduces the internal iteration per time step and allows larger under relaxation parameters. The absolute convergence criterion for the continuity equation and the velocity was 0.001. The simulations were carried out on a desktop computer (Intel i7 CPU, 3.40 GHz and 4 GB RAM). The typical simulation time for a mesh with 674000 cells was about 7-8 days. The maximum Courant number (C r ) of 0.25 was used for the volume fraction calculation, which is defined as 
Results and discussion

Slug generation mechanism
The mechanism of dispersed-phase slug formation is illustrated in Fig. 3 . The figure shows that the dispersed phase enters the main channel of continuous phase from the side entry, and forms a well-defined slug flow in the channel. Initially, the dispersed phase goes into the main stream and the drop begins to grow, Fig. 3(a and b) . The tip of the dispersed phase grows and blocks almost the entire cross-section of the main channel, and builds pressure in the upstream side. However, the dimensions of the channel limit the radius of the tip curvature, Fig. 3(c and d) . The pressure builds up in the upstream side, forces the continuous phase fluid to flow in the gap between the wall and drop (dispersed phase) with higher flow velocity. Due to this shear exerted on the droplet, it elongates downstream and thus pressure decreases along the length of the channel. When the droplet enters the enhanced channel section, the droplet cross-section reduces and acquires the annulus region due to presence of obstructions. Whereas, continuous phase film thickness increases between the droplet and wall due to reduction in droplet cross-section. Further, the pressure downstream decreases and fluctuates around the obstruction element due to converging-diverging cross-section. On the other hand, in the mixing zone, the droplet interface moves toward the downstream, and the neck connected to the inlet of the dispersed phase becomes thinner, Fig. 3(e) . Finally, the neck of the dispersed phase liquid is squeezed, and the slug separates and flows downstream, Fig. 3(f) . Fig. 4(a and b) shows the pressure variation in the continuous phase inlet and the dispersed phase inlet. In the early stage of slug formation, three forces are acting on the tip of the dispersed phase droplets, the force arising from increased resistance to flow of the dispersed phase fluid around the tip, the interfacial tension force, and the shear stress force of the continuous phase. These are elucidated as follows: In the first stage, dispersed-phase fluid goes into mainstream and the drop begins to grow, the pressure in the continuous phase inlet is lower in the upstream part, and increases in the vicinity of the T-junction due to the decrease in the flow cross-section. When the pressures in continuous phase and dispersed phase are compared near the T-junction, the former (Fig. 3a) is relatively lower compared to the latter (Fig. 3b) . When the droplet occupies the entire cross-section of the channel, (Fig. 3c) , high pressure is built up in the upstream region. Due to this, the droplet elongates and grows downstream, and the pressure decreases ( Fig. 3d and e). These pressure fluctuations in the continuous phase and dispersed phase are due to cross-sectional area variation in downstream side, which periodically changes the pressure in the upstream part, and pressure fluctuation achieves an average value in the case of well-defined slug flow. The pressure in the dispersed-phase inlet fluctuates during all stages of the slug flow formation due to pressure fluctuation in continuous phase (Fig. 4b) . The Laplace pressure computed from the average pressure drop across the front interface and the back interface of droplet is plotted in Fig. 5 . The points were randomly selected across the interface in the defined area and the average value was determined considering pressure drops at three positions: dispersed-phase inlet, across the entire emerging droplet, and across the separated slugs. The pressure drop at the dispersed-phase inlet clearly indicates the generation of slug flow. As the droplet penetrates the mainstream, the Laplace pressure decreases since pressure in the continuous phase increases, which changes the curvature shape from concave to convex. In the third stage, where pressure in the continuous phase reaches maximum value, the Laplace pressure shows minimum value. As the neck of the dispersed phase breaks, the tip of the dispersed phase shrinks back to the inlet channel, and thus, the pressure in the continuous phase drops and Laplace pressure increases. In addition, pressure in the upstream side fluctuates and achieves an average value due to variation in channel cross-section downstream. let blocks almost the entire cross-sectional area of the main channel in the mixing zone, thus building up the pressure in the upstream side. When the droplet reaches the enhanced channel section, the droplet diameter reduces due to the presence of obstruction elements, and the fluid velocity at the tip of the emerging droplet increases while the pressure decreases. Therefore, Laplace pressure decreases in steps (b), (c), (d), and (e). The Laplace pressure for dispersed-phase inlet and across the emerging droplet is identical in steps (a) and (d), because in both cases, the droplet under investigation penetrates the continuous flow stream, i.e. the pressure points are similar. In the case of well-defined slug flow, the average pressure drop across the first droplet separated in step (e) is predicted. Each slug gives a pressure drop around 100 Pa in the well-defined slug flow. The predicted Laplace pressures for enhanced microchannel in this investigation were in good agreement with the experimentally obtained data of Kashid M. N. 26 for plain microchannel, except for the slightly different behavior in the downstream, i.e. the enhanced section.
Pressure variation
A clearer picture of the pressure behavior in a well-defined slug flow is given in Fig. 6 . The pressure in the dispersed phase shows higher value compared to the continuous phase, and the difference between the values is the Laplace pressure. Consequently, the overall pressure in the liquid-liquid slug flow is due to three factors: pressure drop due to viscous faces, pressure drop due to obstruction element, and pressure drop due to interfacial tension (Laplace pressure). The predicted and experimental overall pressure variations were also in good agreement with the measurement of Kashid M. N. 26 for plain microchannel. The figure also shows that predicted pressure in the enhanced microchannel is a function of obstruction spacing. The pressure drop decreases as the obstruction spacing increases. In fact, for smaller values of spacing, the viscous force is higher since a thick layer of cyclohexane is formed in between the obstruction elements compared to large spacing, while the flow of continuous phase is hindered by the obstruction elements. However, as obstruction spacing is increased, the flow resistance decreases.
The effect of obstruction spacing on the pressure drop gradient in the microchannel was investigated by performing a simulation for six different obstruction spacings, Table 1 , for Q W /Q CH ratio of 0.18. The predicted pressure drop gradient is shown in Fig. 7 . As shown in Fig. 7 , the pressure drop decreases with increased spacing until s < 1 mm. In the range of s from 1 mm to 1.25 mm, the pressure drop increases and reaches maximum value at s = 1.25 mm. Thereafter, it again decreases to s > 1.25 mm. For smaller values of spacing, it was observed that the hydraulic diameter of the channel in downstream was smaller than the channel cross-section at the inlet. However, the hydraulic diameter (in downstream) increases with obstruction spacing. Therefore, the viscous force is higher in smaller obstruction spacing compared to larger spacing. In addition, the continuous-phase (cyclohexane) flow is also hindered by the obstruction elements. This is because the capillary force is slightly greater and overall pressure drop is quiet high for small spacing. The pressure drop decreases with increased obstruction spacing due to lower capillary force. Further, s from 1 mm, pressure drop increases and attains maximum value at s = 1.25 mm. This is because a spherical cavity of hydraulic diameter 1 mm was observed between the adjacent obstruction elements; in this cavity, the slug expands and displaces the surrounding continuous-phase fluid occupying the maximum cross-section. Thus, capillary resistance increases because of a thin cyclohexane film present between the slug and channel wall. The number of obstruction elements in a channel is larger for smaller values of spacing. Therefore, the pressure drop per unit length is larger for smaller values of spacing, and it decreases as the obstruction spacing increases. Fig. 7 also illustrates the effect of obstruction elements spacing on unit cell length. It was observed that the unit cell length varied with obstruction spacing in wavy form instead of smooth monotonic variation. It was found that unit cell length decreases-increases periodically, and is slightly larger for smaller spacing (~1 mm) compared to larger spacing (~5 mm). The effect of slug velocity on pressure drop was investigated by performing the simulation for T-junction enhanced microchannel (s = 5 mm). The predicted pressure drop is shown in Fig. 8 for equal flow rates of both phases. A quantitative comparison between predicted pressure drops for enhanced channel with experimental/theoretical pressure drop for plain channel of Kashid M. N., is also shown in Fig. 8 . The pressure drop for both cases was found to be dependent on slug velocity, and the predicted pressure drops were in a good agreement with his data with absolute deviations in the range of 10 % to 20 %. The predicted pressure drop shows lower value compared to experimental/theoretical data due to the presence of a continuous-phase film, which provides a lubricating action on the embedded slug and yields annular flow behavior, exhibiting different pressure drop characteristics compared to the plain channel. Another possible explanation for this discrepancy is the internal circulation induced within each individual slug. When the slugs move through the channel, internal circulation arises within the slug, due to the shear between the channel wall and the axis of the slug, which eventually affects the capillary pressure. However, such circulation is advantageous in mass transfer as it enhances the diffusive penetration between the phases.
Slug length variation Fig. 9 shows the dispersed-phase slug length as a function of obstruction elements spacing. As shown in Fig. 9 , dispersed-phase slug length also exhibits wavy variation with obstruction spacing. In the enhanced microchannel, for smaller values of spacing, capillary resistance is higher and dispersed phase (water) experienced less shear force exerted by the continuous fluid due to thicker film of continuous phase. In addition, cross-sectional size of slug reduces due to small hydraulic diameter in the downstream (enhanced section), therefore fluid velocity at the droplet tip increases and the neck connecting it to the dispersed-phase inlet is squeezed early, and the slug separates and flows downstream. Whereas, for large obstruction spacing, a thin film of continuous phase is formed between the slug and wall, and the upstream fluid exerts higher shear force on the dispersed-phase slug. Therefore, the drop elongates and grows slowly in the downstream and a large slug is formed in the main channel.
In order to study the effect of scaling-up the slug size, simulations were carried out for different flow-rate ratios (Q W /Q CH ) ranging from 0.1 to 7 at low flow velocity of cyclohexane. The results of CFD simulation were again compared, and were found to be in good agreement with the experimental data, as shown in Fig. 10 . It was observed that at Q CH = 9 μL s -1 (Ca = 1.767 · 10 -4 ), the viscous force is insignificant. In fact, the slug length is independent only on Q W , and increases with increasing Q W . A quantitative comparison of the measured and predicted slug lengths for Q W /Q CH < 2 is also shown in Fig. 10 . It can be seen that predicted slug length in enhanced microchannel (s = 1 mm) is larger than that in plain channel. The reason being that the ob- struction element present in the enhanced microchannel significantly reduced the capillary number (Ca) of the continuous phase flow. Therefore, the role of viscous force becomes insignificant while the slug formation mechanism is governed by interfacial tension force, which causes formation of a long slug. Fig. 11 shows the pressure gradient in the enhanced microchannel as a function of obstruction height. As illustrated in the figure, the pressure drop increases with the increase in obstruction height. The reason being that, for large obstruction height, the hydraulic diameter of downstream is less compared to the inlet for slug flow. Therefore, higher obstruction elements obstruct the continuous-phase (cyclohexane) flow, and form a thick liquid film in between the slug and channel wall, which diminishes capillary resistance more as compared to a thinner film. On the other hand, for small obstruction height, the hydraulic diameter of downstream is comparable to that of the inlet. In addition, viscous and capillary forces are much greater for higher obstruction elements compared to smaller height, and hence the net increase in pressure drop was observed with increasing obstruction height.
The velocity vectors and velocity contour for six different obstruction spacings in T-junction enhanced microchannel are shown in Fig. 12 . It can be seen that the velocity of the backflow increases in the vicinity of the obstruction elements relative to ).
12 Fig. 11 the flow rate close to the symmetry axis. Fluid particles near the obstruction elements flow in reverse direction and form eddies, as seen in Fig. 12 (a) and 12(b). However, eddies formation was found to decrease with increased obstruction spacing. It was also observed that internal circulation at the front end and near the obstruction elements decreased with increased obstruction spacing. In addition, internal circulation at the front end and near the obstruction elements increased with obstruction height at the penalty of pressure drop. The velocity contour plots for slug flow in T-junction enhanced microchannel, Fig. 12(b) , shows the circulation patterns and stagnant zones (zero vector magnitude) within the continuous and dispersed phase slugs. It is clear from the figure that the fluid mixing in the enhanced channel is greater compared to that in the smooth channel. Therefore this type of channel can improve the heat transfer from the channel walls and mass transfer between the fluids.
Conclusion
The present numerical study aimed to provide a volume of fluid (VOF)-based methodology to study the slug flow generation for liquid-liquid systems in a T-type enhanced microchannel, and predictions were validated using the measurement of Kashid M. N. 26 It was observed that the VOF method described the slug flow generation in enhanced channel quite accurately, along with the key characteristics, such as wall film and pressure drop of the channel. The pressure drop was found to be affected by the slug velocity, obstruction spacing and height in the enhanced channel. In addition, It was also observed that obstruction spacing in the enhanced channel affected the unit cell length and slug formation time. Further, for smaller obstruction spacing, flow resistance was slightly greater and decreased with increased obstruction spacing. Thus, fewer slugs had formed at smaller spacing. Furthermore, unit cell length and slug formation time were also slightly greater for smaller spacing and decreased with increased obstruction spacing. It was also found that water slug shape was affected by the obstruction spacing and height. The velocity vector and velocity contour plots indicated that the enhanced channel induced more internal mixing within a slug, rendering it ideal for enhancement of heat transfer and interface mass transfer. 
